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A self-limiting dielectrophoresis technique, aimed at deterministically
assembling individual or bundles of single-walled carbon nanotubes
(SWCNTs) and multiwalled carbon nanotubes (MWCNTs), is experimentally
investigated. A limiting resistor is used to control the electric field after the
deposition of a single carbon nanotube. The role of some key parameters such
as voltage and duration of the deposition with and without the limiting
resistor is studied.
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INTRODUCTION
Carbon nanotubes (CNTs) are expected to offer
outstanding electrical and mechanical properties for
solid-state electronic and nano-electro-mechanical
(NEM) devices.1 A major technological challenge is
the ability to localize the CNTs on the substrate for
controlled device and circuit fabrication. For many
applications it is highly desirable to have a dense
array of CNTs2; however, in order to systematically
study the intrinsic properties of CNTs and build
novel sensitive systems3,4 it is necessary to control
precisely the position of a single CNT. Dielectro-
phoresis5 is defined as the motion of matter caused
by polarization effects in a nonuniform electric field.
This phenomenon could be used to self-assemble
CNTs and has shown tremendous promise in the
recent years to align CNTs.6–8 Krupke et al.9 used
this technique, modified with an external circuit
that controls the trapping of single carboxyl
(COOH) functionalized CNTs on silver electrodes.
Banerjee et al.10 used a similar technique to trap
bundles of SWCNTs. In this paper, we investigate
the above technique to trap single or bundles of
SWCNTs and MWCNTs. The influence of different
parameters such as applied voltage, substrate, elec-
trode material, and an external resistor is studied
experimentally. Furthermore, as shown recently
by Close et al.,11 this self-assembly technique
could be adapted to build complementary metal oxide
semiconductor (CMOS)-compatible CNT-based de-
vices. It is also advantageous to be able to manipu-
late both SWCNTs and MWCNTs in order to build
devices, as reported by Lee et al.4
EXPERIMENT AND RESULTS
Figure 1 illustrates the process flow and the
experimental setup used in this work. Silicon wafers
with resistivity of 0.1 X cm to 0.5 X cm with 1-lm-
thick thermal oxide, were used as substrate. Cr/Pt
(5 nm/50 nm) electrodes were patterned by stan-
dard optical photolithography and lift-off technique.
One milligram of SWCNTs produced by chemical
vapor deposition (CVD) were dispersed by sonica-
tion in 100 mL deionized (DI) water with sodium
dodecyl sulfate (SDS) (1 wt.%) as a surfactant. The
resulting solution was further purified by centrifu-
gation and the clean solution on the top was dec-
anted. A clear transparent solution was obtained by
this method. A 5-MHz AC signal, with different
peak-to-peak voltages that generate different elec-
tric fields, was applied across the electrodes. Around
20 lL of the prepared solution was deposited onto
the electrodes. The electric field was switched off
after 120 s and the electrodes were cleaned with DI
water and dried with N2. All the experiments were
performed in the presence of white light. Figure 2
shows the results for different applied electric fields.
There was no deposition of tubes when the electric
field was very low, in this case 0.33 V/lm; the
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minimum electric field to start deposition of CNTs
was found to be around 0.5 V/lm. With increased
electric field (0.67 V/lm), the number of tubes
trapped increased. These values compare well with
the ones reported by Chung et al.12 The trapped
SWCNTs included both metallic and semiconduct-
ing tubes. The average diameter of these tubes was
found to be 14 nm by performing tapping-mode
atomic force microscope (AFM) measurements.
Presence of even a single metallic CNT within the
bundle causes the whole bundle to behave as
metallic CNTs by dominating the dielectric con-
stant,13 enabling positive dielectrophoresis.
With the above-mentioned technique it is also
possible to trap a single bundle of SWCNTs by
reducing the CNT concentration or deposition time,
and/or by reducing the electrode width via e-beam
lithography. However, reducing the CNT concen-
tration reduces the yield of the process.8 An alter-
native technique would be to have the ability to stop
further deposition of CNTs automatically once a
single CNT has been trapped. This can be achieved
by introducing an external resistor in series into the
setup used in Fig. 1c, as shown in Fig. 3a. The
effectiveness of the limiting resistor is demonstrated
in Fig. 3b–e. For the same deposition conditions,
without the self-limiting resistor, arrays of CNTs
were aligned across the two electrodes. In contrast,
only with the self-limiting resistor has it been pos-
sible to trap a single tube.
In order to understand the role of the external
resistor let us consider the configuration shown in
Fig. 3a, as a resistor divider circuit. Here we have
assumed that the impedance of the circuit at 5 MHz
Fig. 1. Process flow of the fabricated structure and the experimental setup used: (a) Si/SiO2 (1 lm) substrate; (b) Cr/Pt (5 nm/50 nm) electrodes
patterned by optical lithography and lift-off; (c) AC electric field applied across the electrodes; (d) 20 lL CNT solution is deposited across the
electrodes for a duration of 120 s, then the electric field is switched off and the wafer is washed with DI water and dried in N2.
Fig. 2. Effect of electric field: scanning electron microscope (SEM) images of the structures on which dielectrophoresis was performed with the
setup shown in Fig. 1c with different voltages applied across the electrode. There was no deposition of tubes when the electric field was very low,
in this case 0.33 V/lm; the minimum electric field for the deposition of CNTs was found to be 0.5 V/lm. With increased electric field (0.67 V/lm),
the number of trapped tubes increased.
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is approximately the same as that at DC.14 After
deposition of a single CNT, the electric field across
the electrodes where the CNTs are to be deposited
decreases. This was confirmed by I–V measure-
ments performed before and after the deposition of
the CNT (Fig. 4). After the deposition of a single
Fig. 3. (a) Modified setup to perform dielectrophoresis, using a self-limiting resistor. (b, c) SEM images of the structures on which dielectro-
phoresis is performed, with and without a self-limiting resistor, respectively. Both the structures have the same electrode shape and spacing. An
array of CNTs is trapped without a self-limiting resistor. An individual bundle of SWCNT is trapped with a self-limiting resistor. (d, e) SEM images
of the structures on which dielectrophoresis is performed, with and without a self-limiting resistor, respectively, with different electrode shape and
dimensions compared with the structure in (b) and (c). Both structures have the same electrode shape and spacing.
Fig. 4. Two-probe DC measurements performed on individual CNTs. A DC current corresponding to resistance values in the range of 30 MX to
80 MX is measured when such an experiment is performed on ten assembled devices.
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CNT, we measure resistances in the range of 30 MX
to 80 MX, with measurements done on ten devices.
This implies that there was an effective electrical
contact between the CNT and the electrode after
deposition of a CNT. Since the external resistor
used (1 GX) was larger than this value, after depo-
sition of a single CNT, the voltage drop across the
external resistor starts to dominate. In other words,
the electric field across the electrodes where CNTs
are to be deposited was strongly reduced, which
prevented further deposition of CNTs. We have also
confirmed this by carrying out deposition for dif-
ferent durations. If the external resistor would
completely cut off the electric field after the depo-
sition of a single CNT, the CNT deposition should be
independent of the duration of deposition (we
should always have a single CNT aligned across
the electrodes). Figure 5 shows the results obtained
for different deposition times. We observed that,
with increasing deposition time, the number of
trapped CNTs increases slightly but seems to satu-
rate after a few tubes are trapped (probably because
more tubes in parallel further reduce the local field
for dielectrophoresis). This can be explained by the
fact that the electric field across the electrodes is
reduced after deposition of the CNTs, but not com-
pletely cut off. Hence there is a lower yet finite
probability to trap more tubes for long deposition
times. With this technique we can relax the depo-
sition parameters such as deposition time and
concentration; even with relatively wide elec-
trodes (several lm) trapping of a single tube can be
controlled.
The same technique and conditions have been
used to deposit single MWCNT. MWCNTs pro-
duced by CVD and the arc-discharge technique
were used. The experiments performed with
MWCNTs were similar to those of the SWCNTs
except that, during solution preparation for the
MWCNTs, no surfactant was used. Two milligrams
of CVD tubes were dispersed in 100 mL DI water,
whereas 5 mg arc-discharge tubes were dispersed
in 100 mL DI water. The resulting solution was
sonicated and centrifuged, and the resulting clean
solution on the top was decanted to obtain a clean
well-dispersed solution. Since the fabrication tech-
nique for each of the tubes used in our experiments
(CVD SWCNT, CVD MWCNT, and arc-discharge
MWCNT) is different, the resulting purity and
density of the tubes are different. Hence the con-
centration of the solution was optimized for each of
them. Figure 6a, c and b, d shows the results
obtained with MWCNTs produced by CVD, with
and without the self-limiting resistor, respectively.
For the case without the self-limiting resistor a
large number of tubes were deposited, whereas
with the self-limiting resistor only a single tube
was trapped, thus demonstrating the effectiveness
of the technique. Due to their curled-up nature, the
CVD tubes were not well dispersed in the solution
and lumps were seen in some cases. This reduces
the probability of having a single tube that is well
aligned. This problem could probably be solved
with advances in the technology used in the
growth of CVD tubes to produce high-quality tubes,
or alternatively by using arc-discharge tubes
(Fig. 7). With arc-discharge tubes we were able to
obtain relatively straight tubes, although this came
at the price of increased carbon soot, thus making
it difficult to prepare a clean dispersed solution.
The increased carbon soot is a result of the inher-
ent production technique. Also the length variation
of the CNTs (produced by the arc-discharge tech-
nique) used in this work was large; we have car-
ried out experiments with CNTs having lengths in
the range of 100 nm up to 1 lm, which further
reduces the chance of trapping a single CNT, hence
resulting in poor yield for these CNTs.
Fig. 5. Effect of deposition time when using the configuration in Fig. 3a for the experiment. SEM images obtained with the same deposition
conditions, varying the duration of deposition: (a) 120 s, (b) 300 s, and (c) 600 s. The external resistor limits the deposition of many tubes after
deposition of a single tube but, even with a 1 GX external resistor, this limiting mechanisms is not ideal since the contact resistance of the tubes
is relatively high.
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INFLUENCE OF ELECTRODE MATERIAL
For the self-limiting technique to work well, it is
desirable to have a low-resistive contact between
the CNT and the electrodes. In all the processes
mentioned above we used Cr/Pt (5 nm/50 nm) as the
electrode material. We carried out the same exper-
iment using Pd electrodes in place of Pt electrodes.
Pd has a workfunction close to that of the CNT,
which could further reduce the contact resistance.
We did not see any significant change in the contact
behavior with Pd as electrode material. The high
contact resistance and apparent insensitivity to
the electrode material can be attributed to the fact
that our tubes are directly deposited on top of the
electrodes and measurements are reported without
any further contact processing, which results in
nonlinear contacts (Fig. 4). It follows that the con-
tact resistance between the tube and the electrodes
by dielectrophoresis is good and efficient enough to
self-limit the deposition process, but needs supple-
mentary processing and local optimization after the
dielectrophoretic step in order to build a functional
electronic device.
INFLUENCE OF SUBSTRATE
We investigate the influence of substrates on
dielectrophoresis by performing identical experi-
ments on four different substrates: (i) low-resistivity
Fig. 6. Dielectrophoresis performed without and with a self-limiting resistor on CVD MWCNTs. (a, b) Dielectrophoresis performed on two sets of
electrodes without and with a self-limiting resistor, respectively. (c, d) Dielectrophoresis performed on another set of electrodes with a different
electrode shape compared to (a), without and with a self-limiting resistor, respectively. SEM images show that, without a self-limiting resistor, a
large number of tubes are aligned across the electrodes, whereas with a self-limiting resistor, a single tube is aligned.
Fig. 7. Dielectrophoresis performed with and without a self-limiting resistor using MWCNTs produced by an arc-discharge technique. SEM
images show that, without a self-limiting resistor, a large number of tubes are aligned across the electrodes whereas, with a self-limiting resistor,
a single tube is aligned. (a) No self-limiting resistor used, (b) self-limiting resistor used. Also seen in these images are some dirt-like particles,
which come from the inherent production technique for the arc-discharge tubes.
Arun, Salet, and Ionescu746
silicon substrates with resistivity of 0.1 X cm to
0.5 X cm with 1-lm wet oxide (sub1), (ii) low-resis-
tivity silicon substrates with resistivity of 0.1 X cm
to 0.5 X cm with 10-lm wet oxide (sub2), (iii) high-
resistivity silicon substrates with resistivity of
10 kX cm with 1-lm wet oxide (sub3), and (iv)
quartz substrates (sub4). Substrates sub2, sub3,
and sub4 can be categorized as insulating compared
with sub1. Figure 8 summarizes the results. Due to
lower substrate losses in the cases of sub2, sub3,
and sub4, for the same voltage applied across the
electrodes, the electric field is higher for these sub-
strates (Fig. 8b, c and d) compared with the case of
sub1 (Fig. 8a). Hence more CNTs are trapped in the
case of sub2, sub3, and sub4. By optimizing the
applied voltage and using the self-limiting tech-
nique we were able to trap individual tubes on any
kind of substrate. Empirically, the optimum voltage
(the applied voltage that generates adequate elec-
tric field to trap CNTs but is not large enough to
cause hydrolysis of the solvent or trap a large
number of tubes) for insulating substrates (sub2,
sub3, and sub4) was found to be Vhigh res ﬃ
Vlow res=1:5: These values need further extensive
investigations.
INFLUENCE OF SURFACTANT FOR SWCNT
The surfactant wraps the CNTs and disperses
them well in the solvent, but it does alter the pro-
perties of the CNTs,15 which is not desirable. Hence
it would be ideal not to use surfactant to disperse the
CNTs in the solvent. It is relatively easy to disperse
MWCNTs in any solvent, but this is not the case for
SWCNTs. We did some experiments to disperse
SWCNTs in DI water without any surfactant. We
used the Bandelin Sonopuls ultrasonic sonicator
from Amplichron system at a continuous output
power of 100% for 30 min to disperse SWCNTs
without any surfactant in DI water, whereas when
we used the surfactant, the SWCNTs were dispersed
in the same sonicator at 30% power for only 5 min.
The solutions were cooled to room temperature
before proceeding with dielectrophoresis experi-
ments. Figure 9 compares the results obtained in the
two cases. Even with relatively large sonication
power the SWCNTs were not well dispersed when no
surfactant was used, hence resulting in varied
morphology as opposed to the case when surfactant
was used. This is a fundamental limitation to
the deposition of pristine SWCNTs using the
dielectrophoresis technique.
YIELD
Table I shows some preliminary results on the
yield obtained from our experiments. As seen from
the table it is relatively easy to trap an array of
CNTs across two electrodes, but the yield is lower
for trapping a single tube. The higher yield for the
SWCNTs compared with the MWCNTs is first
attributed to the relatively uniform length distri-
bution of the SWCNTs used in our experiments
compared with that of the MWCNTs, rather than to
the influence of tube resistance. Note that the
SWCNTs used in our experiments were of high
quality in terms of purity compared with the
MWCNTs, which results in a higher density of
tubes per unit of volume, hence improving the yield
of self-assembly. Another possible influence comes
from the nature of contact formed between the
tubes and the electrodes. In fact, in the case of
SWCNTs we trapped bundles of tubes, resulting in
low-resistive path across the electrodes compared
with the case of MWCNTs, where we have only one
tube and higher contact resistance. These data are
based on experimental results from 20 trials under
optimal deposition conditions. It is clear that
further extensive investigations are needed to
decouple the impact of various effects on the CNT
self-assembly yield.
Fig. 8. Study on the influence of substrate. Dielectrophoresis
experiments performed with the self-limiting resistor on different
substrates: (a) low-resistivity Si (0.1 X cm to 0.5 X cm)/SiO2 (1 lm)
substrate, (b) low-resistivity Si (0.1 X cm to 0.5 X cm)/SiO2 (10 lm)
substrate, (c) high-resistivity Si (10 kX cm)/SiO2 (1 lm) substrate,
and (d) quartz substrate. Influence of substrate on the required
electric field for deposition of CNT: for the same applied voltage
electric field across the electrodes it is higher for highly insulating
substrates (b, c and d) compared with the case of a low-resistivity
silicon substrate (a), hence more CNTs are trapped in these cases.
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CONCLUSIONS
An experimental study based on the self-limiting
dielectrophoresis technique has been reported. It
was found that it provides significantly improved
control to trap single or bundles of SWCNTs and
MWCNTs compared with the traditional dielectro-
phoresis method without a limiting resistor. The
experimental parameters that influence the CNT
trapping are: (i) the electric field between the metal
electrodes and the ratio between the self-limiting
resistance and the resistance of the tubes (including
contact series resistances), (ii) the duration of
deposition, (iii) the substrate resistivity, and (iv) the
surfactant. For all our experiments, the reported
yield was better for SWCNTs compared with
MWCNTs. The investigated technique has the merit
of enabling trapping of CNTs at desired locations,
with control of the number of assembled tubes,
which paves the way for future design and fabrica-
tion of CNT-based devices and circuits.
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